N anopore-based sensors have been studied extensively as potential tools for DNA sequencing, characterization of epigenetic modifications such as 5-methylcytosine, and detection of microRNA biomarkers. 1À10 
11À18 Nanopore technology may provide a useful approach for analysis of diverse covalent DNA modifications that are important in toxicology and medicine.
19À24
Here, we describe the use of a protein nanopore to characterize interstrand crosslinks in duplex DNA. Interstrand cross-links are important in biology because they block the strand separation that is required for read-out of genetic information from DNA in cells. 25À28 In addition, interstrand crosslinks have been used for the stabilization of duplex DNA in structural biology and materials science applications. 29À36 There exist a wide structural variety of DNAÀDNA cross-links that are important in toxicology, medicine, structural biology, and materials science. 25,26,32,35À37 The detection and characterization of interstrand cross-links in DNA is a challenging task. Typically, full characterization of an interstrand DNA cross-link requires a diverse array of techniques that may include gel electrophoresis, LCÀMS, spectroscopic monitoring of thermal denaturation, chemical synthesis, multidimensional NMR, and X-ray crystallography. Recognizing the power of nanopores to detect subtle differences in nucleic acid structure, we felt that this technology might provide a useful tool for analyzing the occurrence and properties of interstrand cross-links in double-stranded DNA.
In our studies, we used the R-HL ion channel nanopore embedded in a lipid bilayer to characterize DNA cross-links. 38À40 The R-HL pore is 10 nm long and consists of a 2.4 nm wide entrance that gives way to a "vestibule" that reaches 4.6 nm in width before narrowing to a constriction of 1.4 nm (Figure 1 ).
39
Under electrophoretic force, single-stranded DNA fragments pass rapidly (1À20 μs/nucleotide (nt)) through the pore's narrow constriction. On the other hand, approximately 10 base pairs (bp) of duplex DNA can enter the vestibule, but at 2 nm in width, the double helix is too big to pass through the pore and must undergo a relatively slow (100À2000 μs/nt) "unzipping" process before the two strands can separately translocate through the pore. 1À4,6,38,40À42 Passage of DNA through the R-HL pore causes a transient decrease in the ion current. The extent and duration of the current decrease combine to make up the "current signature" of the DNA translocation event for a particular substrate. 1À4,6,38,40À42 Prior to this work, the nature of the current signature(s) that might be produced by DNA duplexes containing interstrand cross-links was unknown.
The results described here demonstrate that interstrand DNAÀDNA cross-links can be clearly and quantitatively detected using the R-HL protein nanopore. The unique current signatures generated by cross-linked DNA in the R-HL nanopore may enable the detection and characterization of DNA cross-links that are important in toxicology, medicine, and materials science.
RESULTS AND DISCUSSION
Preparation of Cross-Linked DNA Substrates. The interstrand cross-links examined here were generated by the reaction of a guanine residue with the aldehyde group of an abasic site on the opposing strand of duplex DNA in the presence of NaCNBH 3 (Scheme 1). 43, 44 The chemical structure and stability of the reduced dG-Ap cross-link recently has been established. 45 A series of oligomeric duplexes were generated in which the location of the cross-link 1 was varied with respect to a poly dC 30 tail ( Table 1) . Threading of the poly dC 30 overhang into the pore facilitates capture of the duplexes by the R-HL nanopore and guides the duplex region of the substrate into the vestibule. 6 Duplexes D7 and D8 Cause Persistent Current Blocks. We first showed that the single-stranded oligonucleotides used in these studies generated short current blocks ( Figures S1 and S2 ). For example, the longer strand of duplex D7 generated current blocks of 160 ( 100 μs as it passed through the R-HL channel (Figures 2, S1 , and S2). We also examined the current blocks induced by uncross-linked duplexes ( Figures S3 and S4) . The un-cross-linked duplex D7 generated multilevel current blocks corresponding to trapping of the duplex, unzipping, and passage of the longer (poly dCcontaining) strand, followed by translocation of the shorter, displaced strand (Figures 2, S3 , and S4). The duration of the current blocks induced by the duplex was 6.6 ( 1.2 ms (up to 100-fold longer than the block generated by passage of single-stranded DNA through the pore).
We then analyzed a reaction mixture containing the cross-linked duplex D7. The cross-linkage in this substrate was located near the center of the doublestranded domain. Three different types of currentblocking events were observed in the reaction mixture ( Figure 2 ). First, we detected very short events giving a residual current of 12.6 ( 1.1%, corresponding to the translocation of unhybridized single-stranded DNA in the mixture (Figure 2 ). Second, we observed the expected longer blocking events corresponding to the capture, unzipping, and translocation of the un-crosslinked duplex (with a residual current of 11.2 ( 1.3%, Figure 2 ). The third type of event was a persistent block (>10 min) that we ascribed to the cross-linked duplex ( Figure 2 ). Careful inspection of the current signature for the persistent block revealed that this event was composed of two different states. The initial and deepest current block presumably corresponds to passage of the poly dC 30 tail through the pore (with a residual current of 11.1 ( 0.6%, Figure 2b ). The second state involved a slight recovery of current likely corresponding to the partially unzipped duplex with the cross-link structure 1 "wedged" at the narrow Figure 1 . A cutaway view of the R-HL protein nanopore showing the critical dimensions alongside a 10 bp DNA duplex with a 6 nt overhang. The R-HL image was prepared from pdb 7AHL using the program Chimera and the DNA duplex image was prepared from pdb 3BSE using Pymol.
Scheme 1 ARTICLE constriction of the R-HL pore (with a residual current of 15.5 ( 1.1%, Figure 2b ). At this point, reversal of the voltage polarity allowed the cross-link to be "backed out" of the channel, leaving the pore open and ready to trap another duplex or single strand when the polarity was reset (Figure 2b ). To confirm that the persistent blocks could be assigned to the cross-linked duplex in the mixture, we showed that the purified, cross-linked duplex D7 did, indeed, generate persistent current blocks ( Figure S5 ). Figure 3 shows a multichannel experiment in which multiple R-HL pores embedded in a lipid bilayer were sequentially and irreversibly blocked by the D7 duplex. The behavior of duplex D8, in which the cross-link was located only 3 nt away from the poly dC tail, was similar to duplex D7, causing a persistent current block after capture in the pore (Table 1, Figure S6 ). In fact, there was no evidence for translocation of D8 even when the applied voltage was increased from 120 to 180 mV over the course of 30 min ( Figure S7 ).
Duplex D3 Causes Long-Lasting, Yet Transient, Current Blocks. Interestingly, the cross-linked duplex D3 displayed properties very different from D7 and D8. The crosslink in D3 is distal to the poly dC tail, located only 4 bp from the end of the duplex ( Table 1) . Trapping of D3 in the pore induced a deep and long-lasting current block; however, the duration of the block caused by D3 was quite different from that caused by duplexes D7 and D8 (Figures 4 and S5) . Specifically, where the current blocks caused by trapping of D7 and D8 in the nanopore can persist for >30 min, the block induced by D3 typically lasted between 10 and 100 s ( Figure S8 ). The current signature for the blocking event caused by D3 consists of three distinct states ( Figure 4c ). The first two states (with residual currents of 9.5 ( 1.0% and 14.1 ( 1.0%) closely resemble those observed for duplex D7, described above. These involve an initial current block corresponding to passage of the poly dC tail through the pore (Figure 4d ), followed by a slight recovery in the current flow corresponding to the partially unzipped duplex with the cross-link wedged at the narrow constriction of the R-HL pore (Figure 4d ). Most striking, this state was followed by a nearly complete block in current flow (with a residual current of 2.6 ( 0.8%) and then reopening of the channel. We suggest that melting of the 4 bp duplex in the vestibule of the pore enables a conformational adjustment that allows the cross-link to squeeze through the pore (Figure 4d ). The tight fit of the reduced dG-Ap lesion 1 as it passes through the narrow constriction of R-HL pore presumably is responsible for the unique current signature involving nearly complete blockage. We found that, when a higher voltage was applied, the dwell time of the cross-linked duplex D3 in the pore was decreased, consistent with the interpretation that the cross-link translocates from the cis to the trans side of the pore (Figure 4b) . Breakage of covalent Evidence That Duration of the Current Block Is Determined by the Stability of the Duplex Trapped in the Nanopore Following Partial Unzipping of the Cross-Linked Substrate. We suggest that, when partial unzipping of the cross-linked substrate leaves a stable region of duplex DNA in the vestibule of the pore, the conformational reorganization required to enable passage through the pore is inhibited and a persistent current block results (e.g., D6ÀD8, Table 1 ). On the other hand, melting of an unstable duplex region in the vestibule following partial unzipping enables the conformational reorganization required for passage of the cross-link through the pore as seen in the case of D3. Consistent with this hypothesis, the duration of the block induced by duplexes D1ÀD5 correlated with the calculated thermal stability of the duplex remaining in the vestibule of the pore when the cross-linked substrate is stalled at the constriction after partial unzipping (Table 1, Figure 5 ). The length of the "arms" trapped in the vestibule also appears to affect the dwell time of the cross-linked duplexes. For example, the residual duplex in D4 has a lower melting temperature than D5, yet D4 displays a longer current block than D5. The longer arms of D4 (6À7 nt in D4 versus 4À5 nt in D5) may sterically hinder the structural reorganization required for the cross-link to pass through the pore constriction. Of course, the kinetic stability of the residual duplex trapped in the vestibule may be a key factor in determining the dwell time of different cross-linked duplexes. Duplex D6, containing a structurally distinct cross-link between 2 0 -deoxyadenosine and the abasic site, 46, 47 also presented a persistent current block to the R-HL pore (Table 1 and Figure S6 ). Quantitative Detection of Cross-Linked Duplex D7 in a Mixture. Finally, we used the R-HL nanopore to estimate the cross-link yield in a sample containing both native and cross-linked duplex D7 ( Figure 6 ). As noted above, analysis of cross-linking reaction mixtures revealed three different types of blocking events (Figure 2) . The nanopore can be used as a molecular counter, with the frequency of each type of blocking event corresponding to the relative concentration of each species. The exponential fit of the distribution of time intervals between each type of blocking event allowed calculation of the corresponding association rates. In multichannel experiments, the time course for sequential and irreversible blocking of pores could be fit to the equation: y = y 0 þ Ae Àt/τon (Figure 6a ). Blocking by D7 is irreversible ( Figure   S5 ) and the use of purified standards for cross-linked and native duplex allowed us to determine the relationship between frequency and concentration for D7 (Figure 6b ). With this information in hand, we used the nanopore to measure the yield of cross-linked DNA generated in an actual cross-linking reaction. The cross-link yield calculated from the nanopore data (9.0 ( 1.7%) matched well with those obtained by parallel gel electrophoretic analysis the reaction mixtures (10.8 ( 0.8%, Figure S9 ). 
ARTICLE
Comparison of Cross-Linked Duplexes with Blunt Ends or a Four-Base Overhang. It is interesting to compare the properties of cross-linked duplexes lacking the long dC 30 tails present in duplexes D1ÀD8. We found that a duplex analogous to D7, but lacking the dC 30 tail, caused long blocks (3.2 ( 0.4 s) at an applied voltage of 120 mV ( Figure S10) . Interestingly, the blocks were reversible and there was substantial current fluctuation during the block. The block consists of two states. The first state with a residual current of 26.7 ( 1.2% may arise from the duplex lodged in the vestibule of the pore. A similar model has been invoked to explain the long-lasting current blocks (∼25% residual current) induced by blunt-ended 22 and 60 bp duplexes in the R-HL channel. 41, 48 The second state observed for Table 1 ; the X's indicate the limits inside of which 99% of the data resides; the width of the box indicates the limits inside of which 50% of the data resides; the vertical line inside the box is the median value; the horizontal line indicates the size of the standard deviation; the hollow square marker is the mean value; the short horizontal lines near the X-markers correspond to the minima and maxima values measured for the dwell times of each duplex. ARTICLE the blunt-ended version of D7 in our experiments, with a residual current of 12.4 ( 1.4%, likely corresponded to the partially unzipped duplex threaded into the pore constriction. 41 Evidently, without the dC 30 tail,
the partially unzipped blunt-ended duplex is held less strongly in the pore, making the blocking event reversible. Consistent with this view, when the potential was increased from 120 to 150 mV, the block duration became very long (>1 min) and was relieved only when the polarity of the applied voltage was reversed and the cross-linked DNA "backed out" of the pore ( Figure S11 ). The current signature of the cross-linked, blunt-end duplex was clearly distinct from the current signature induced by an analogous un-cross-linked, blunt-end duplex ( Figure S13 ) which is fully unzipped followed by translocation through the pore. Evidence for unzipping of the un-cross-linked, blunt-end duplex was provided by the decrease in block duration as the voltage increases 41 and observation of a characteristic current signature that has been dissected previously. 6, 41, 42 These results yield two important insights:
(i) in duplexes containing dC 30 tails, capture of the duplexes occurs via threading of the tail into the pore and there are relatively few signals (<10%) that correspond to blunt-end-first capture, and (ii) the blunt-ended 21 bp duplex containing an interstrand cross-link can be recognized by its distinct current-blocking signature. Similar results were obtained for a cross-linked duplex bearing a four-nucleotide overhang ( Figure S12 ).
CONCLUSIONS
In conclusion, our work provides characterization of DNAÀDNA interstrand cross-links using nanopore technology. Importantly, the results show that interstrand DNA cross-links can be clearly and quantitatively detected using the R-HL nanopore. Interestingly, the exact nature of the current signature depends on the location of cross-link within the duplex fragment. When partial unzipping leaves a stable region of duplex DNA trapped in the vestibule of the R-HL pore, a persistent current block was observed. On the other hand, when partial unzipping of the cross-linked DNA substrate leaves a short duplex region in the vestibule, melting of these base pairs enables a conformational adjustment that allows the reduced dG-Ap lesion to squeeze through the pore, causing a period of complete current blockage prior to reopening of the channel.
It remains to be seen whether structurally distinct cross-links will display different current signatures in the R-HL nanopore, but we anticipate that this will be the case. In this regard, nanopore measurements have the potential to help shed light on cross-link structure and properties. In future studies, it may be of interest to examine cross-links derived from clinically used anticancer drugs such as cisplatin, cyclophosphamide, and bendamustine. In addition, it would be interesting to explore the utility of small, solid-state nanopores for these applications. Nanopore technology may offer a tool for the rapid screening of cross-linking agents in drug discovery and development. Importantly, the yields of cross-links generated in cellular DNA may correlate with therapeutic efficacy for some drugs 49À53 and nanopore-based sensing may ultimately offer a practical alternative to approaches such as the comet assay 54 for the quantitative detection of DNA crosslinks in clinical samples.
METHODS
Materials. All chemicals including KCl, Tris-HCl, MgCl 2 , pentane, sephadex, and hexadecane were obtained from Sigma-Aldrich (St. Louis, MO) and were used as received. The compound 1,2-diphytanoyl-sn-glycero-3-phosphocholine used for lipid bilayer formation was from Avanti Polar Lipids (Alabaster, AL) and was used without further purification. Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). All enzymes were purchased from New England Biolabs (Ipswich, MA). [γ-32 P]-ATP (6000 Ci/mmol) was purchased from PerkinElmer. Quantification of radioactivity in polyacrylamide gels was carried out using a Personal Molecular Imager (BioRad) with Quantity One software (v.4.6.5).
Electrophysiology Measurements. A membrane of 1,2-diphytanoylsn-glycero-3-phosphocholine was formed on a small orifice of approximately 150 μm diameter in a Teflon partition that separates two identical Teflon chambers. Each chamber contained 2 mL of electrolyte solution (1 M KCl, 10 mM Tris-HCl, pH 7.4). Less than 1 μL of R-hemolysin was added to the cis chamber with stirring, after which, a conductance increase indicated the formation of a single channel. For multichannel recording, 2À5 μL of R-hemolysin was added. The ionic current through the R-hemolysin protein nanopore was recorded by an Axopatch 200B amplifier (Molecular Devices, Inc., Sunnyvale, CA), filtered with a built-in 4-pole low-pass Bessel Filter at 5 kHz, and finally acquired into the computer using a DigiData 1440A A/D converter (Molecular Devices) at a sampling rate of 20 kHz. All the data recording and acquisition including single channel, multichannel and persistent blocking recording of DNA crosslinks were controlled through a Clampex program (Molecular Devices) and the analysis of nanopore current traces was performed using Clampfit software 10.4 (Molecular Devices).
Preparation of Cross-Linked DNA Substrates. The complementary oligonucleotides for each duplex were annealed 55 at a 1:1 molar ratio and treated with the enzyme UDG (50 units/mL, final concentration) to generate Ap sites. 56, 57 The enzyme UDG was removed by phenolÀchloroform extraction and the DNA ethanol precipitated and the pellet washed with 80% EtOHÀwater. 55 The resulting Ap-containing DNA duplexes were redissolved in a buffer composed of HEPES (50 mM, pH 7) containing NaCl (100 mM) and incubated at 37°C for 120 h. Reaction mixtures were then analyzed in the nanopore experiments. In some cases, parallel denaturing polyacrylamide gel electrophoretic analysis of the cross-linking reaction mixture was carried out as previously described. 46, 47 Briefly, the DNA was ethanol precipitated 55 and 5 0 -32 P-labeled using standard procedures. 55 After 32 P-labeling, the protein was removed by phenolÀ chloroform extraction and the sample was desalted by passage through sephadex G-25. The samples were then mixed with formamide loading buffer, 55 loaded into the wells of a 20% denaturing polyacrylamide gel, and gel electrophoresed for 6 h at 1000 V. The amount of radiolabeled DNA in each band from the gel was measured by phosphorimager analysis. Isolation of the cross-linked DNA from polyacrylamide gels, for use in ARTICLE constructing calibration curves, was carried out as described previously. 46 Conflict of Interest: The authors declare no competing financial interest.
